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thermal	physiological	 traits	 in	a	group	of	 terrestrial	breeding	 frogs	 (Craugastoridae)	
distributed	 along	 a	 tropical	 elevational	 gradient.	We	measured	 the	 critical	 thermal	
maximum	(CTmax; n	=	22	species)	and	critical	thermal	minimum	(CTmin; n	=	14	species)	
of	 frogs	 captured	 between	 the	Amazon	 floodplain	 (250	m	 asl)	 and	 the	 high	Andes	
(3,800	m	asl).	After	inferring	a	multilocus	species	tree,	we	conducted	a	phylogeneti-
cally	informed	test	of	whether	body	size,	body	mass,	and	elevation	contributed	to	the	
observed	variation	 in	CTmax	 and	CTmin	 along	 the	 gradient.	We	also	 tested	whether	
CTmax	and	CTmin	exhibit	different	rates	of	change	given	that	critical	thermal	limits	(and	
their	 plasticity)	may	 have	 evolved	 differently	 in	 response	 to	 different	 temperature	
constraints	along	the	gradient.	Variation	of	critical	thermal	traits	was	significantly	cor-
related	with	species’	elevational	midpoint,	their	maximum	and	minimum	elevations,	as	
well	 as	 the	maximum	 air	 temperature	 and	 the	maximum	operative	 temperature	 as	
measured	across	this	gradient.	Both	thermal	limits	showed	substantial	variation,	but	
CTmin	exhibited	relatively	faster	rates	of	change	than	CTmax,	as	observed	in	other	taxa.	
Nonetheless,	our	 findings	 call	 for	 caution	 in	assuming	 inflexibility	of	upper	 thermal	
limits	and	underscore	the	value	of	collecting	additional	empirical	data	on	species’	ther-
mal	physiology	across	elevational	gradients.
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1  | INTRODUCTION
In	 a	 rapidly	 changing	world,	many	 species	 are	 faced	with	 shrinking	
habitat	 and	 novel	 climatic	 conditions.	 As	 a	 result,	 there	 has	 been	
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predicting	 elevational	 range	 shifts	 in	montane	 organisms,	 especially	
in	the	context	of	climate	change,	most	predictions	about	future	geo-
graphic	 ranges	 are	based	on	 correlative	models	 that	 ignore	 species’	
evolutionary	 history	 and	 eco-	physiology	 (Colwell,	 Brehm,	 Cardelús,	
Gilman,	 &	 Longino,	 2008;	 Laurance	 et	al.,	 2011;	 VanDerWal	 et	al.,	
2012).	 Tropical	 montane	 regions	 are	 of	 special	 concern	 because	
they	are	centers	of	biodiversity	and	endemism	(Graham	et	al.,	2014).	







However,	 empirical	 data	 on	 critical	 thermal	 limits	 of	 most	 tropical	










1972;	 McCain	 &	 Colwell,	 2011;	 McCain	 &	 Grytnes,	 2010;	 Peters	
et	al.,	 2016;	 Terborgh,	 1970).	 One	 of	 these	 hypotheses	 proposes	
that	 climatic	 conditions	 along	 the	 gradient	 restrict	 species’	 distri-
butions	(von	Humboldt,	1849;	Janzen,	1967).	Air	temperature	is	the	
main	environmental	 factor	 that	predictably	decreases	with	 increas-
ing	elevation	as	a	 result	of	adiabatic	cooling	 (on	average	5.2–6.5°C	
decrease	per	 1,000	m	elevation;	Colwell	 et	al.,	 2008).	Critical	 ther-
mal	maximum	(CTmax)	and	critical	 thermal	minimum	(CTmin)	are	 two	
measures	that	have	been	used	to	 infer	species’	critical	 thermal	 lim-
its.	Numerous	studies	have	shown	that	ectotherms	exhibit	a	general	
trend	of	decreasing	critical	 thermal	 limits	with	elevation	 (Catenazzi,	
Lehr,	 &	 Vredenburg,	 2014;	 Christian,	 Nunez,	 Clos,	 &	 Diaz,	 1988;	
Gaston	&	Chown,	1999;	Heatwole,	Mercado,	&	Ortiz,	1965;	Navas,	
2003).	Moreover,	it	is	likely	that	critical	thermal	limits	change	at	dif-
ferent	 rates	 in	 response	 to	different	 temperature	 constraints	 along	
elevational	 gradients	 (McCain	&	Grytnes,	 2010).	 Specifically,	 CTmax 
is	thought	to	be	relatively	inflexible	across	elevation	(e.g.,	Hoffmann,	
Chown,	&	Clusella-	Trullas,	 2013;	Muñoz	et	al.,	 2014,	2016),	with	 a	
narrow	upper	 limit	and	 low	plasticity	 (Gunderson	&	Stillman,	2015;	
Sunday,	Bates,	&	Dulvy,	2011).
Although	many	 researchers	 have	 examined	 the	 relationship	 be-
tween	critical	 thermal	 limits	 and	 the	elevational	distribution	of	 spe-
cies	living	in	montane	gradients,	only	a	few	have	combined	empirical	
(CTmax	and	CTmin)	data	and	accounted	for	the	effect	of	phylogenetic	
relatedness	 among	 species	 (Muñoz	 et	al.,	 2014,	 2016;	 Sheldon,	
Leaché,	&	Cruz,	 2015).	 Phylogenetic	 comparative	methods	 are	 par-
ticularly	useful	for	this	purpose	because	they	allow	researchers	to	ex-
amine	evolutionary	transitions	in	physiological	traits	and	account	for	
statistical	 nonindependence	of	 interspecific	 data	when	 studying	 life	
history	evolution	among	closely	related	species	(Garland	et	al.	1992;	
Harvey	&	Pagel,	1991;	Revell,	2008).
We	 investigated	 the	 role	 of	 physiological	 divergence	 among	
closely	related	species	distributed	along	an	elevational	gradient	of	
>3,500	m	in	southern	Peru.	Although	80%	of	Peruvian	Andean	frogs	
(ca.	250	 species)	occur	within	 relatively	narrow	elevational	 ranges	
(Aguilar	et	al.,	2010),	little	is	known	about	the	relationship	between	




&	 Frost,	 2014).	 These	 direct-	developing	 frogs	 (Figure	1)	 are	 ideal	
model	 organisms	 in	 which	 to	 test	 hypotheses	 about	 divergence	
across	environmental	gradients	because	they	have	low	vagility	(re-
sulting	in	local	genetic	structure),	small	body	size	(a	trait	that	makes	
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used	 four	metrics	 relating	 to	 elevation	 (elevational	minimum,	maxi-
mum,	midpoint,	and	 range)	and	 two	metrics	 relating	 to	 temperature	
(maximum	air	 temperature	 and	maximum	operative	 temperature)	 as	
proxy	for	thermal	environments.	We	reconstructed	a	phylogeny	to	de-
termine	the	evolutionary	relatedness	among	species	and	to	evaluate	










Hoffmann	et	al.,	 2013;	Muñoz	et	al.,	 2014;	Sunday	et	al.,	 2011),	we	
evaluated	whether	CTmax	and	CTmin	exhibited	different	rates	of	ther-
mal	physiological	change.
2  | MATERIAL AND METHODS
2.1 | Study area





m	a.s.l.),	 Villa	 Carmen	Biological	 Station	 (12°53′44″S,	 71°24′14″W,	
530	 m	 a.s.l.),	 and	 Los	 Amigos	 Biological	 Station	 (12°34′07″S,	
70°05′57″W,	 250	 m	a.s.l.).	 A	 general	 overview	 of	 the	 study	 sites	
and	 local	 climate	 was	 provided	 by	 Catenazzi,	 Lehr,	 Rodríguez,	 and	
Vredenburg	 (2011)	 and	 von	May	 et	al.	 (2009),	 and	Catenazzi,	 Lehr,	
and	 von	May	 (2013)	 provided	 an	 inventory	 of	 the	 herpetofauna	 in	
this	region.
2.2 | Field surveys and critical thermal limits
All	 species	 surveyed	 in	 this	 study	 are	 distributed	within	 the	water-
shed	of	 the	Madre	de	Dios	 river	and	along	a	 single	montane	gradi-
ent.	Data	collected	for	this	study	were	obtained	from	multiple	surveys	
conducted	along	the	elevational	gradient	from	Los	Amigos	Biological	
Station	 at	 250	m	a.s.l.	 (von	May	&	Donnelly,	 2009;	 von	May	et	al.,	
2009,	2010)	to	Tres	Cruces	at	3,800	m	a.s.l.	(Catenazzi	&	Rodriguez,	
2001;	Catenazzi	et	al.,	2011,	2013,	2014).	We	measured	CTmax	and	
CTmin	 in	 22	 and	 14	 species,	 respectively,	 expanding	 the	 taxonomic	
diversity,	number	of	individuals	sampled	per	species,	and	elevational	
















et	al.,	 1988).	We	 forced	 animals	 to	 a	 venter-	up	 position;	whenever	












We	 collected	 DNA	 sequence	 data	 for	 two	 mitochondrial	 and	 two	
nuclear	 genes	 in	 order	 to	 determine	 the	 phylogenetic	 relationships	
among	 focal	 species.	 The	 mitochondrial	 genes	 were	 a	 fragment	
of	 the	 16S	 rRNA	 gene	 and	 the	 protein-	coding	 gene	 cytochrome	 c	
oxidase	 subunit	 I	 (COI).	The	nuclear	protein-	coding	genes	were	 the	






For	 16S,	 we	 used	 as	 follows:	 1	 cycle	 of	 96°C/3	min;	 35	 cycles	 of	
95°C/30	s,	55°C/45	s,	72°C/1.5	min;	1	cycle	72°C/7	min.	For	RAG,	
we	used	as	 follows:	1	cycle	of	96°C/2	min;	40	cycles	of	94°C/30	s,	
52°C/30	s,	 72°C/1.5	min;	 1	 cycle	 72°C/7	min.	 For	 Tyr,	we	 used	 as	




(Applied	 Biosystems).	 Newly	 obtained	 sequences	 generated	 in	 this	
study	were	deposited	in	GenBank	(Table	S2).
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2.4 | Phylogenetic analysis
We	used	Geneious	R6,	version	6.1.8	(Biomatters	2013;	http://www.
geneious.com/)	 to	 align	 the	 sequences	 using	 the	 built-	in	 multiple	
alignment	program.	For	16S,	we	visualized	 the	alignment,	 trimmed	
the	ends,	and	removed	the	highly	variable	noncoding	loop	regions	(to	
avoid	 alignment	 artifacts).	 Prior	 to	 conducting	 phylogenetic	 analy-
sis,	we	used	PartitionFinder,	 version	1.1.1	 (Lanfear,	Calcott,	Ho,	&	
Guindon,	2012)	to	select	the	appropriate	models	of	nucleotide	evo-
lution.	We	used	 the	Bayesian	 information	 criterion	 (BIC)	 to	deter-
mine	the	best	partitioning	scheme	and	substitution	model	for	each	
gene.	The	best	fitting	substitution	model	for	16S	was	GTR+I+G.	The	
best	partitioning	 scheme	 for	COI	and	both	nuclear	genes	 included	
specific	 sets	 according	 to	 codon	 positions.	 For	 COI,	 the	 best	 par-






position	 (K80	+	G).	 Likewise,	 for	 Tyr,	 the	 best	 partitioning	 scheme	
included	two	sets	of	sites:	the	first	set	with	1st	and	2nd	codon	posi-
tions	together	(K80	+	I)	and	the	second	set	with	only	the	3rd	codon	




We	 used	 a	 multispecies	 coalescent	 approach	 implemented	 in	
*BEAST	v1.6.2	(Drummond	&	Rambaut,	2007)	to	infer	a	Bayesian	mul-
tilocus	timetree	of	the	22	focal	taxa.	The	primary	goal	of	the	analysis	
was	 to	obtain	an	ultrametric	 tree	 to	be	used	 for	phylogenetic	 com-
parative	 analyses.	Our	 analyses	 only	 depend	on	 the	 relative	 branch	
lengths	of	 the	 tree,	 but	we	preferred	 to	 illustrate	our	 tree	 in	 rough	
units	 of	 time.	 Therefore,	we	 used	 an	 uncorrelated	 relaxed	molecu-
lar	clock	with	 the	 rate	of	nucleotide	substitution	 for	16S	was	set	at	
1%	 per	 million	 years.	 However,	 we	 note	 that	 the	 dates	 associated	






2007)	 to	 examine	 effective	 sample	 sizes,	 verify	 convergence	 of	 the	
runs,	and	to	ensure	the	runs	had	reached	stationarity.	Observed	ef-
fective	sample	sizes	were	sufficient	for	most	parameters	(ESS	>	200)	
except	 for	 substitution	 rates	 for	 a	 few	partitions.	We	discarded	 the	
first	10%	of	samples	from	each	run	as	burn-	in.	Subsequently,	we	used	
LogCombiner	v1.6.2	to	merge	all	remaining	trees	from	both	runs	and	













Kuchta,	 Comendant,	 &	 Sinervo,	 2010;	 Revell,	 2008).	 For	 K,	 values	











not	affect	 the	 results,	only	 results	 from	tests	with	no	measurement	
error	are	included	in	the	Results	section.
2.6 | Rates of thermal physiological change
Prior	 to	 comparing	 the	 rates	 of	 physiological	 change	 for	CTmax	 and	
CTmin,	we	 searched	 for	 a	model	 of	 evolution	 that	 best	 explains	 the	
variation	in	the	observed	data.	We	used	the	fitContinuous	function	in	
GEIGER	(Harmon,	Weir,	Brock,	Glor,	&	Challenger,	2008)	to	fit	three	
models	 of	 evolution:	 Brownian	 motion	 (BM),	 Ornstein–Uhlenbeck	
(OU),	 and	 early	 burst	 (EB).	 The	 Brownian	motion	model	 assumes	 a	
constant	 rate	of	change,	 such	 that	 the	differences	between	species	
will	 (on	average)	be	proportional	 to	the	time	since	their	divergence.	





deeper	 divergences	 will	 be	 relatively	 independent	 of	 one	 another.	
After	determining	 the	best	 fitting	model	of	evolution	 for	each	 trait,	
we	used	the	R	package	“APE”	(Paradis,	Claude,	&	Strimmer,	2004)	and	
code	developed	by	Adams	(2013)	to	estimate	the	rates	of	change.
2.7 | Correlates of CTmax and CTmin
We	 explored	 the	 relationship	 between	 critical	 thermal	 traits	 and	
other	 life	 history	 characteristics	 (body	 size	 and	 body	 mass)	 as	 well	
as	 four	metrics	 relating	 to	 elevation—minimum,	maximum,	midpoint,	
and	 range	 collected	 from	 22	 species	 of	 Craugastoridae	 frogs.	 We	
also	 considered	 maximum	 air	 temperatures	 (Ta)	 and	 maximum	 op-
erative	 temperatures	 (Te),	 both	 of	 which	 were	 previously	 estimated	
for	 the	 same	montane	 gradient	 (Catenazzi	 et	al.,	 2014).	 The	Ta	 data	





measurements	 taken	 with	 21	 iButtons	 (Maxim	 Integrated	 Products,	































dactylus	 and	 P. salaputium)	 that	 exhibit	 broader	 elevational	 overlap	
(Figure	2).	A	 congruent	 and	 similarly	well-	supported	 phylogeny	was	





34.8°C)	 among	 both	 closely	 and	 distantly	 related	 species	 (Figure	3;	
Table	S3).	In	five	cases,	close	relatives	had	nonoverlapping	CTmax	val-
ues	and	nonoverlapping	elevational	distributions.	The	highest	CTmax 







































































































































































































































sumes	 a	 constant	 rate	of	 change	 (BM),	 and	we	performed	 this	 test	
assuming	 BM	 for	 both	 traits	 and	 using	 the	 reduced	 dataset	 (14	
species).	We	found	that	CTmax	exhibits	a	slower	rate	of	change	than	
CTmin	 (σ
2 =	0.686	 and	 σ2	=	1.353,	 respectively;	 likelihood	 ratio	 test,	
LRT	=	4.443,	AICc	=	128.319,	p = .035).
3.5 | Correlates of CTmax and CTmin























































































































































































































Trait K p- value (K) λ p- value (λ) lnL
Analyses	with	full	dataset	(22	species)
CTmax 0.3955 .1572 0.0626 .8202 −49.22
SVL 0.9548 .0010 1.0352 .0003 −64.71
Mass 0.7589 .0030 1.0560 .0031 −24.61
Minimum	elevation 0.7011 .0020 0.7291 .0055 −179.52
Maximum	elevation 0.5233 .0140 0.3854 .1559 −181.17
Elevational	midpoint 0.6115 .0060 0.5903 .0307 −180.03
Elevational	range 0.4944 .0280 0.4999 .0635 −160.54
Analyses	with	reduced	dataset	(14	species)
CTmin 0.7019 .0631 1.1339 .0681 −35.68
















creased	with	elevation	(AIC	=	86.90,	log	likelihood	=	−40.45,	p < .001; 
Figure	5).	Therefore,	 the	distance	between	CTmax	and	maximum	op-
erative	 temperature	 (Te)	 of	 high-	elevation	 species	 is	 greater	 than	
that	 of	 species	 distributed	 at	 lower	 elevations.	We	 also	 observed	 a	
consequent	 increase	 in	 thermal	breadth	 (=	CTmax	−	CTmin)	at	higher	
elevations,	 although	 this	 relationship	 was	 marginally	 nonsignificant	
(AIC	=	59.87,	log	likelihood	=	−26.94,	p < .0831;	Figure	5).
4  | DISCUSSION
Our	 findings	 suggest	 that	 thermal	 physiology	 is	 relevant	 in	 deter-





exhibited	 by	 other	 terrestrial	 ectotherms	 living	 along	montane	 gra-
dients	 (Christian	et	al.,	1988;	Gaston	&	Chown,	1999;	Muñoz	et	al.,	
2014;	Navas,	2003).




across	 distantly	 related	 taxa	 (i.e.,	 different	 families)	 and/or	 larger	
geographic	scales	 (e.g.,	Araújo	et	al.,	2013;	Kellermann,	Loeschcke,	
et	al.,	 2012;	 Kellermann,	 Overgaard,	 et	al.,	 2012;	 Sunday	 et	al.,	
2014),	 we	 investigated	 species	 within	 a	 single	 family	 distributed	
Model Evol. model Coefficient p- value AIC lnL
CTmax	~	min_elev BM −0.0023 <.001 90.02 −42.01
CTmax	~	max_elev BM −0.0020 <.001 93.24 −43.62
CTmax	~	elev_midpoint BM −0.0022 <.001 90.21 −42.10
CTmax	~	elev_range BM −0.0002 .881 110.27 −52.13
CTmax	~	Ta BM 0.3542 <.001 89.09 −41.55
CTmax	~	Te BM 0.4782 <.001 69.28 −31.64
CTmax	~	svl BM −0.1844 .136 107.78 −50.89












Model Evol. model Coefficient p- value AIC lnL
CTmin	~	min_elev BM −0.0031 <.001 58.99 −26.50
CTmin	~	max_elev BM −0.0026 <.001 56.39 −25.20
CTmin	~	elev_midpoint BM −0.0029 <.001 56.14 −25.07
CTmin	~	elev_range BM 0.0041 .081 75.17 −34.59
CTmin	~	Ta BM 0.4728 <.001 51.74 −22.87
CTmin	~	Te BM 0.5998 <.001 58.26 −26.13
CTmin	~	svl BM −0.2730 .138 76.19 −35.10
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along	a	steep	elevational	gradient.	We	believe	this	approach	can	be	





















correlated	with	one	another,	 and	 that	each	of	 these	 traits	 is	 signifi-
cantly	correlated	with	elevational	midpoint,	maximum	elevation,	and	
minimum	 elevation,	we	 predict	 that	 an	 expanded	 dataset	 for	 CTmin 
will	 support	 the	hypothesis	 that	 tolerance	 to	cold	has	changed	 rap-









ily	 imply	 that	 either	 the	 lower	 or	 upper	 bound	 of	 the	 elevational	
range	of	montane	frog	species	is	constrained	by	their	critical	ther-
mal	 limits	 (Catenazzi,	 2011;	Navas,	 1997).	 In	 addition	 to	 species’	
thermal	 physiology,	 factors	 such	 as	 availability	 of	 breeding	 sites,	
competition,	 predation,	 and	 other	 biotic	 interactions	 may	 play	
an	 important	 role	 in	 restricting	 species’	 elevational	 distribution	











lizards	might	 reflect	 contrasting	 patterns	 of	 physiological	 evolution.	
While	 lizards	 tend	 to	occur	 in	warm	places	where	 they	can	actively	
thermoregulate,	frogs	occur	in	greater	numbers	in	cold	environments	
and	 most	 species	 are	 considered	 to	 be	 thermoconformers	 (Navas,	
2003)—with	the	notable	exceptions	of	some	high-	elevation	frog	spe-
cies	that	thermoregulate	opportunistically	(Navas,	1997).	For	example,	
the	mountaintop	 at	 our	 study	 site	 (~3,500	m	elevation)	 is	 inhabited	







exhibit	 low	 acclimation	 potential	 (i.e.,	 low	 plasticity)	 for	 heat	 re-
sistance.	However,	 this	 hypothesis	 requires	 further	 testing	 and	 the	
group	of	tropical	frogs	studied	here	represents	a	suitable	study	system	
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modeling	 approaches	 to	 predict	 whether	 species	 will	 experience	
range	shifts	or	extinction	in	the	face	of	climate	warming	(Chen,	Hill,	
Ohlemüller,	Roy,	&	Thomas,	2011;	Laurance	et	al.,	2011;	VanDerWal	




mal	 limits,	 especially	 CTmax,	 in	 montane	 anurans,	 and	 underscore	
the	value	of	collecting	additional	empirical	data	on	species’	thermal	
physiology	 (Perez,	 Stroud,	 &	 Feeley,	 2016).	 It	 is	worth	 noting	 that	
while	our	results	suggest	that	thermal	limits	may	change	rapidly	on	
the	 time	 scale	 of	 the	 formation	 of	 new	 species,	 it	 is	 still	 an	 open	
question	 about	 whether	 thermal	 physiology	 will	 be	 able	 to	 keep	
pace	with	future	global	climate	change	that	may	be	more	rapid	than	
in	 the	 recent	 past	 (Gunderson	&	 Stillman,	 2015).	Our	 data	 on	 op-
erative	warming	 tolerance	 (Figure	5)	 support	 the	 idea	 that	 tropical	
lowland	species	might	be	more	sensitive	to	increased	temperatures	
than	high-	elevation	species,	because	they	live	at	ambient	conditions	
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